Protein kinase A (PKA) exerts a profound influence on axon extension during development and regeneration; however, the molecular mechanisms underlying these effects of PKA are not understood. Here, we show that DCC (deleted in colorectal cancer), a receptor for the axon guidance cue netrin-1, is distributed both at the plasma membrane and in a pre-existing intracellular vesicular pool in embryonic rat spinal commissural neurons. We hypothesized that the intracellular pool of DCC could be mobilized to the plasma membrane and enhance the response to netrin-1. Consistent with this, we show that application of netrin-1 causes a modest increase in cell surface DCC, without increasing the intracellular concentration of cAMP or activating PKA. Intriguingly, activation of PKA enhances the effect of netrin-1 on DCC mobilization and increases axon extension in response to netrin-1. PKA-dependent mobilization of DCC to the plasma membrane is selective, because the distributions of transient axonal glycoprotein-1, neural cell adhesion molecule, and trkB are not altered by PKA in these cells. Inhibiting adenylate cyclase, PKA, or exocytosis blocks DCC translocation on PKA activation. These findings indicate that netrin-1 increases the amount of cell surface DCC, that PKA potentiates the mobilization of DCC to the neuronal plasma membrane from an intracellular vesicular store, and that translocation of DCC to the cell surface increases axon outgrowth in response to netrin-1.
Introduction
The direction taken by an extending axon depends on extracellular cues, the repertoire of receptors for these cues on the axonal growth cone, and the state of signal transduction mechanisms within the growth cone. DCC (deleted in colorectal cancer) is a type I transmembrane protein and a receptor for netrins (KeinoMasu et al., 1996; Stein et al., 2001) . Netrins are a family of secreted axon guidance cues that attract some axons and repel others (for review, see Yu and Bargmann, 2001) . DCC is required for the attractant response to netrin-1 (de la Torre et al., 1997; Fazeli et al., 1997) , whereas both DCC and the UNC5 homolog family of netrin receptors mediate chemorepellent responses to netrin-1 Leonardo et al., 1997; Hong et al., 1999; Keleman and Dickson, 2001; Merz et al., 2001) .
Protein kinase A (PKA) plays a key role regulating the response of axonal growth cones to netrin-1 (for review, see Song and Poo, 1999) . Inhibition of PKA in neurons dissociated from either the embryonic Xenopus spinal cord or retina (Hopker et al., 1999) switches their response to netrin-1 from attraction to repulsion. Further investigation of growth cone turning using Xenopus CNS neurons suggests that manipulation of phosphatidylinositol 3-kinase, phospholipase C␥ (Ming et al., 1999) , MAP kinases (Forcet et al., 2002; Ming et al., 2002) , protein synthesis (Campbell and Holt, 2001) , and activity (Ming et al., 2001 ) can all influence the response of a growth cone to netrin-1. Activating PKA also promotes axon growth in the presence of myelin-associated inhibitors of axon extension (Cai et al., 2001) , including promoting axonal regeneration in the adult mammalian CNS after injury (Neumann et al., 2002; Qiu et al., 2002) . Although PKA exerts profound effects on axon growth, the mechanisms underlying these actions during either neural development or axon regeneration are not known.
Here, we examined the role of PKA in the response of embryonic rat spinal commissural neurons to netrin-1. We report that DCC is normally present on both the neuronal surface and within an intracellular pool in these cells. We describe two mechanisms that regulate the amount of DCC on the neuronal plasma membrane. First, application of netrin-1 produced a modest increase in the amount of cell surface DCC. Netrin-1 did not increase the intracellular concentration of cAMP or activate PKA. Inhibiting PKA did not affect the netrin-1-induced increase in cell surface DCC or netrin-1-evoked axon outgrowth, providing evidence that PKA is not required for signaling downstream of netrin-1 in these cells. Activating PKA enhanced netrin-1-dependent insertion of DCC into the plasma membrane and increased axon outgrowth evoked by netrin-1. Inhibition of adenylate cyclase, PKA, or exocytosis, but not protein synthesis, blocked the PKAinduced increase in cell surface DCC, consistent with DCC being mobilized from a pre-existing intracellular vesicular pool. Activated PKA did not alter the distribution of other membrane proteins, such as transient axonal glycoprotein-1 (TAG-1), neural cell adhesion molecule (NCAM), or trkB, revealing a selective effect on the mobilization of DCC. These findings demonstrate that PKA activation potentiates the response to netrin-1 by translocating DCC to the plasma membrane.
Materials and Methods
Reagents. Polyclonal anti-trkB was provided by Dr. Louis Reichardt (University of California, San Francisco, CA). Polyclonal anti-TAG-1 (TG3) for Western blot analysis was provided by Dr. Thomas Jessell (Columbia University, New York, NY). Monoclonal anti-TAG-1 (4D7) for immunocytochemistry was obtained from the Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA). Polyclonal anti-NCAM (AB5032) and anti-cAMP (AB306) were from Chemicon (Temecula, CA). Monoclonal DCC anti-DCC EX G92-13 and anti-DCC IN G97-449 were obtained from PharMingen (Mississauga, Canada), and anti-DCC FB AF5, tetanus toxin (TeTx) KT5720, and SQ22536 were from Calbiochem (La Jolla, CA). Anti-phospho cAMP response element-binding protein (CREB) (Ser133, 1B6, P-CREB) and anti-CREB were obtained from Cell Signaling Tech (Beverly, MA). Cyclohexamide (CHX), forskolin (FSK), poly-D-lysine (PDL), and 5Ј-N-ethylcarboxamidoadenosine (NECA) were obtained from Sigma-Aldrich (Oakville, Canada), Minimum Essential Medium was from BioWhittaker (Walkersville, MD), Neurobasal media and B27 supplement were from Invitrogen (Burlington, Canada), and Glutamax, inactivated fetal bovine serum (IFBS), and Penstrep were from Bio Media (Boussens, France). Recombinant netrin-1 protein was purified from a HEK293T cell line secreting netrin-1, as described Shirasaki et al., 1996) .
Commissural neuron culture. Staged pregnant Sprague Dawley rats were obtained from Charles River (St. Constant, Canada). The dorsal half of embryonic day (E) 13 rat spinal cords were isolated by microdissection and dissociated to produce a suspension of single cells. In brief, dorsal spinal cords were incubated at 37°C for 30 min in 0.0002% DNase (Sigma-Aldrich) in Ca 2ϩ /Mg 2ϩ -free Hanks'solution (Invitrogen). The tissue was then triturated to yield a suspension of single cells.
Dissociated cells were plated and cultured for either 2 d (ϳ25,000 cells/well; growth cone analysis) or 6 d (ϳ50,000 cells/well; neurite analysis) in 24-well plates (Sarstedt, Quebec, Canada). Cells were grown in the wells on PDL-coated (70 -150 kDa, 20 g/ml) 12 mm round glass coverslips (number 0 Deckgläser; Carolina Biological, Burlington, NC). The first 24 hr, cells were cultured in Neurobasal media containing 10% IFBS, 2 mM glutamine, 1 U/ml penicillin, and 1 g/ml streptomycin. The second day, the medium was changed to serum-free Neurobasal supplemented with 1% B27, 0.4 mM glutamine, 1 U/ml penicillin, and 1 g/ml streptomycin. Inhibitors (1 mM SQ22536, 200 nM KT5720, 1.6 nM TeTx, and 100 M CHX) or their respective vehicles were added to medium 15 min before the addition of netrin-1. Fifteen minutes later, the medium was supplemented with either 10 M FSK or vehicle.
For Western blot analysis (Harlow and Lane, 1988) , cells were plated and cultured for 6 d at a density of ϳ250,000 cells per 35 mm PDL-coated tissue culture dish. After treatments, cells were washed once with ice-cold PBS, pH 7.4, and lysed with Laemmli sample buffer or radioimmunoprecipitation assay (RIPA) buffer (Barker and Shooter, 1994) . Protein content was quantified using BCA (Pierce, Rockford, IL). Results were visualized using chemiluminescence (NEN Life Science Products, Boston, MA), and quantification was performed on scanned images of immunoblots (ScanJet 5300C; Hewlett Packard, Mississauga, Canada) using NIH Image software (National Institutes of Health, Bethesda, MD).
Immunocytochemistry. Cultures were washed with ice-cold PBS, pH 7.4, fixed with ice-cold 4% paraformaldehyde in PBS, pH 7.4, and blocked with 2% goat serum and 2% BSA in PBS, pH 7.4, for 2 hr at room temperature. Cells were permeabilized by using 0.1% Tween 20 in PBS (PBST) instead of PBS alone. Antibodies were used in blocking solution overnight at 4°C at the following dilutions: anti-DCC IN , 1:500; anti-DCC EX , 1:500; anti-TAG-1, 1:500; anti-Tau, 1:500; anti-trkB ECD , 1:500; anti-cAMP, 1:1000. The binding specificities of anti-DCC IN and anti-DCC EX have been characterized (Reale et al., 1994; Shibata et al., 1996; Meyerhardt et al., 1999) . Cultures were subsequently washed with PBS (nonpermeabilized cells) or PBST (permeabilized cells) and labeled with Cy2, Cy3, Alexa 488, or Alexa 546 secondary antibodies (Molecular Probes, Eugene, OR). Nuclei were stained with Hoechst 33258 (Sigma-Aldrich).
Quantification of surface receptor density or cAMP immunoreactivity. All micrographs used for quantification were taken using the same Axiovert microscope (Zeiss, Oberkochen, Germany), 100ϫ objective lens, and exposure time to allow comparison of measurements. Fluorescence was quantified using Northern Eclipse image analysis software (Empix Imaging, Mississauga, Canada) by an observer blind to the experimental conditions. For image analysis of neurites or growth cones, both differential interference contrast and fluorescent images were taken. Fluorescence intensity per micrometer squared of the process was quantified and expressed as the mean Ϯ SEM. Statistical significance was evaluated by a one-way ANOVA with a Sheffe's post hoc test (Systat, Chicago, IL).
Surface biotinylation. E13 dorsal spinal cords were dissociated, and commissural neurons were plated and cultured for 6 d at a density of ϳ2,000,000 cells per 100 mm PDL-coated tissue culture dish. On day 6, cells were treated with 1 mM SQ22536, 200 nM KT5720, 1.6 nM TeTx, or vehicle for 15 min, followed by the addition of 50 ng/ml netrin-1 or vehicle to the culture media for 15 min. Neurons were exposed for 15 min to 10 M FSK. Cells were then washed with ice-cold PBS containing 0.1 mM calcium chloride and 1 mM magnesium chloride, pH 7.4, to halt protein trafficking (Meyer-Franke et al., 1998) . Surface biotinylation was performed by adding EZ-Link Sulfo-NHS-LC-biotin (Pierce), 5 ml per plate at 0.5 mg/ml in PBS at 4°C for 30 min (Lisanti et al., 1989) , removed, and the reaction was quenched by the addition of 5 ml of 10 mM ice-cold glycine in PBS at 4°C for two 10 min periods. Subsequently, cells were washed twice with 5 ml of ice-cold PBS and lysed with RIPA buffer. Biotinylated proteins were precipitated with streptavidin-agarose (Pierce) and analyzed by Western blot.
Embryonic spinal cord explant culture. Dorsal spinal cord explants were dissected from E13 rat embryos and cultured for 16 hr in three-dimensional collagen gels (Tessier-Lavigne et al., 1988) at 37°C in Neurobasal, 10% IFBS, 2 mM glutamine, 1 U/ml penicillin, and 1 g/ml streptomycin. Inhibitors (1 mM SQ22536, 200 nM KT5720, 1.6 nM TeTx, or 1-100 M NECA), anti-DCC FB , or vehicle were added to the medium 15 min before the addition of netrin-1. After 15 min of treatment, the medium was supplemented with 10 M FSK. All drugs were present throughout the experiment.
Segments of E11 rat spinal cord were dissected as described (Placzek et al., 1990) , embedded in collagen, and cultured in Neurobasal containing 2% B27, 2 mM Glutamax I, 100 U/ml penicillin, and 100 g/ml streptomycin for 40 hr. TAG-1 immunoreactivity was visualized as described .
Photomicrographs were taken using an Axiovert microscope (Zeiss), phase-contrast optics, a 20ϫ objective lens, and a Magnafire CCD camera (Optronics, Goleta, CA) and analyzed using Northern Eclipse image analysis software (Empix Imaging). The total length of axon bundles or the length of TAG-1-immunopositive axons was measured and expressed as the mean Ϯ SEM. Statistical significance of differences between means was evaluated by one-way ANOVA with Sheffe's post hoc test (Systat).
Results

Cell surface and intracellular pools of DCC
Little is known about the subcellular distribution of the DCC protein. To investigate this, we developed a dissociated cell culture enriched in embryonic spinal commissural neurons. Greater than 90% of the cultured cells derived from E13 rat dorsal spinal cord were TAG-1 positive (Fig. 1 A) , a marker for embryonic spinal commissural neurons . Immunolabeling with anti-DCC IN , a monoclonal antibody raised against an intracellular epitope of DCC, showed that these neurons also express dcc (Fig. 1 B) . Immunocytochemical and Western blot analyses demonstrated that these cells do not express ChAT, a marker for motoneurons (data not shown). These findings indicate that these cultures are enriched with embryonic spinal commissural neurons. Confocal analysis of the distribution of DCC immunoreactivity revealed a punctate distribution of the DCC protein in the cytoplasm of the cell bodies and proximal neurites ( Fig. 1 B) , consistent with a subset of the DCC protein being associated with an intracellular vesicular pool.
To specifically visualize cell surface DCC protein, dissociated commissural neurons were cultured for 6 d, fixed, and then processed with or without detergent (0.1% Tween 20). To verify that the cells were not permeabilized in the absence of detergent, they were labeled with either anti-DCC IN or anti-DCC EX , a monoclonal antibody raised against the extracellular domain of DCC, and with polyclonal anti-Tau, a MAP and intracellular marker (Fig.  2) . Anti-DCC IN and anti-Tau produced a signal only in permeabilized cells (Fig. 2 A) . Whereas, anti-DCC EX produced a signal in permeabilized and nonpermeabilized cells (Fig. 2C,D) , the intensity of the signal in nonpermeabilized cells was much weaker than in permeabilized cells, consistent with the presence of an intracellular pool of the DCC protein. These findings suggested that much of the DCC protein expressed by commissural neurons is present intracellularly.
Netrin-1 increases the amount of DCC on the surface of commissural neurons
We then determined whether netrin-1 alters the subcellular distribution of DCC, using cell surface biotinylation as an assay. Commissural neurons isolated from the E13 rat dorsal spinal cord were cultured for 6 d and then treated for 15 min with netrin-1 (50 ng/ml) or vehicle control. Cell surface proteins were then biotinylated, isolated using streptavidin-agarose beads, and examined by Western blot analysis using anti-DCC IN , anti-trkB ECD , or anti-TAG-1. A single band was detected using anti-DCC IN (Fig. 3A) at the expected molecular weight of full-length DCC (ϳ180 kDa). The same band was detected using anti-DCC EX (data not shown). The addition of netrin-1 increased the amount of cell surface DCC in comparison with control (Fig. 3A) . Under these condi- tions, the amount of either cell surface trkB or TAG-1 was not affected by the addition of netrin-1 (Fig. 3A) .
The netrin-1-induced increase in cell surface DCC protein was then evaluated immunocytochemically. Commissural neurons were treated for 15 min with either 50 ng/ml netrin-1 or vehicle, fixed without permeabilization, and then immunostained with anti-DCC EX (Fig. 3B ). Netrin-1 caused a significant increase in cell surface DCC immunoreactivity but had no effect on cell surface levels of TAG-1 or trkB ( Fig. 3B ; Table 1 ). Thus, netrin-1 selectively increased the amount of DCC on the neuronal surface.
PKA activation stimulates DCC translocation to the plasma membrane PKA influences the response of neuronal growth cones to netrin-1 (for review, see Song and Poo, 1999) . Therefore, we determined whether PKA activation might influence the distribution of DCC. FSK activates adenylate cyclase, increases intracellular cAMP, and activates PKA (for review, see Nairn et al., 1985) . Cells were treated with 10 M FSK alone (Fig. 4A) , 50 ng/ml netrin-1 alone (Fig.  3B ), or 50 ng/ml netrin-1 in combination with 10 M FSK (Fig. 4C ) and then immunostained with anti-DCC EX to visualize DCC on the neuronal surface. FSK alone produced no change in DCC immunoreactivity (Fig. 4A,M) whereas netrin-1 (15 min) produced a modest increase (Fig. 4M,N) . Substantially increased DCC immunoreactivity was detected in neurons treated with FSK and 50 ng/ml netrin-1 (Fig. 4C,M) . Netrin-1 plus FSK did not increase cell surface immunoreactivity for TAG-1 (Fig. 4B,D,F ,H,J,L; Table 1 ) or trkB (Table 1) .
To investigate the mechanism regulating the increase in cell surface DCC, cultures of dissociated commissural neurons were exposed to different enzyme inhibitors 15 min before the addition of netrin-1, thus 30 min before the addition of FSK to the media. To confirm that FSK was acting by increasing adenylate cyclase activity, cells were treated with 1 mM SQ22536 (Fig.  4 E, F ) , a specific inhibitor of adenylate cyclase (Fabbri et al., 1991; Goldsmith and Abrams, 1991; Tamaoki et al., 1993) . SQ22536 blocked the increase in DCC surface immunoreactivity (Fig. 4 E, M ) , consistent with the effect of FSK being attributable to adenylate cyclase activation. To confirm that cAMP produced by the adenylate cyclase was acting through PKA, commissural neurons were pretreated with 200 nM KT5720, a specific inhibitor of PKA (Kase et al., 1987) . KT5720 blocked the increase in DCC surface immunoreactivity produced by FSK and netrin-1 (Fig. 4G,M ) . FSK-induced PKA activation was monitored by assaying phosphorylation of the PKA substrate CREB. Treatment of commissural neurons with FSK increased CREB phosphorylation, which was blocked by SQ22536 and KT5720 (Fig. 4O) . These findings indicate that PKA activation is essential for the increase in cell surface DCC induced by FSK in the presence of netrin-1.
We then tested the hypothesis that recruitment from an intracellular store might contribute to the increase in plasma membrane DCC using TeTx, an inhibitor of exocytosis that acts by cleaving soluble vesicle-associated N-ethylmaleimidesensitive factor attachment protein receptors (v-SNAREs) (Schiavo et al., 1992) . TeTx (1.6 nM) blocked the FSK-induced increase in surface DCC immunoreactivity (Fig. 4 I, M ) , consistent with the increase requiring exocytosis. The rapid increase in DCC protein on the neuronal surface, as early as 15 min after the addition of FSK and netrin-1, suggests that it is unlikely to be accounted for by increased transcription or translation of DCC mRNA. Consistent with this, a 15 min application of 100 M CHX, a concentration sufficient to block protein synthesis (Twiss and Shooter, 1995) , had no effect on the increase in cell surface DCC induced by FSK and netrin-1 (Fig. 4 K, M ) . Insertion of locally translated protein into the plasma membrane has been detected in axonal growth cones (Brittis et al., 2002) . Furthermore, Campbell and Holt (2001) provide evidence that protein synthesis is required for netrin-1-dependent growth cone turning. Our results indicate that a pre-existing intracellular pool of DCC protein is present in the neuron, that activation of PKA promotes the insertion of DCC into the plasma membrane, and that this recruitment of DCC occurs through a protein synthesis-independent mechanism. Therefore, we conclude that the PKA-dependent increase in cell surface DCC is not the protein synthesis-sensitive step described by Campbell and Holt (2001) .
DCC insertion into the growth cone plasma membrane
We then examined the effect of PKA activation on the distribution of the DCC protein on the surface of commissural neuron growth cones. Consistent with the findings presented above, treatment with FSK and netrin-1 increased DCC immunoreactivity on the surface of growth cones, netrin-1 alone produced a smaller increase, and FSK alone had no effect. FSK and netrin-1 had no effect on cell surface immunoreactivity for TAG-1 ( Fig. 5 ; Table 1 ). Inhibition of adenylate cyclase (1 mM SQ22536) or PKA (200 nM KT5720) blocked the increase in DCC surface immunoreactivity induced by FSK and netrin-1 (Fig. 5) , demonstrating that FSK produces this effect via the adenylate cyclase and activation of PKA. In contrast, inhibition of protein synthesis using 100 M CHX did not affect the increased DCC on the growth cone surface (Fig. 5B) . Application of 1.6 nM TeTx reduced the increase in cell surface DCC caused by FSK and netrin-1 to the level induced by netrin-1 alone (Fig. 5) . These findings support the conclusion that cAMP elevation potentiates the translocation of DCC to the plasma membrane of neuronal growth cones.
Netrin-1 does not activate PKA in commissural neurons and increases cell surface DCC by a PKA-independent mechanism Immunocytochemical evidence obtained using cultured Xenopus retinal neurons suggests that netrin-1 elevates the concentration of cAMP in neurons (Hopker et al., 1999) , raising the possibility that netrin-1 itself might promote DCC translocation by activating PKA. To test this hypothesis, cultures of embryonic rat spinal commissural neurons were treated with 50 ng/ml or 200 ng/ml netrin-1, or 10 M FSK as a positive control, for either 5 or 15 min. Western blot analysis indicated that application of netrin-1 alone produced no detectable change in PKA-dependent phosphorylation of CREB, whereas the expected FSK-induced increase in phospho-CREB was readily detectable (Fig. 6 A) . Western blot analysis monitors global changes in CREB phosphorylation throughout the cell and may not detect localized changes in PKA activation. To determine whether netrin-1 might regulate cAMP concentration locally, we examined the level of cAMP in the growth cones of commissural neurons immunocytochemically. Consistent with the results of Western blot analysis, 10 M FSK added to the media increased cAMP immunoreactivity in growth cones, whereas 50 ng/ml or 200 ng/ml netrin-1 did not (Fig. 6B) . Furthermore, the increase in cell surface DCC triggered by the addition of netrin-1 alone was not blocked by inhibition of either the adenylate cyclase or PKA (Fig.  4N) . These findings indicate that netrin-1 does not increase the concentration of cAMP or activate PKA in embryonic rat spinal commissural neurons and support the conclusion that the netrin-1-induced increase in DCC at the cell surface occurs through a PKAindependent mechanism.
The adenosine A2b receptor activates the adenylate cyclase (for review, see Ralevic and Burnstock, 1998) . Increasing the concentra- Levels of DCC, TAG-1, and trkB present at the cell surface were compared by quantitative immunofluorescence with antibodies raised against extracellular epitopes of these proteins. Results are expressed as the mean Ϯ SEM of the neurite or growth cone surface fluorescence intensity (f.i.) (arbitrary units) (n ϭ 6 -14 per condition). Cells were treated with various inhibitors (1 mM SQ22536, 200 nM KT5720, 1.6 nM TeTx, or 100 M CHX) or their respective vehicles for 15 min, after which 50 ng/ml netrin-1 or vehicle was added to the culture media for 15 min. *p Ͻ 0.01 versus control; # p Ͻ 0.01 versus 10 M FSK plus 50 ng/ml netrin-1. tion of intracellular cAMP by activating A2b has been used to modulate the response to netrin-1 (Shewan et al., 2002) . Furthermore, evidence has been provided that A2b is a receptor for netrin-1 (Corset et al., 2000). Therefore, we tested the hypothesis that activating A2b might enhance the response to netrin-1 in commissural neurons. Consistent with evidence indicating that A2b is not expressed by embryonic rat commissural neurons (Stein et al., 2001) , we found that the adenosine receptor agonist NECA does not affect netrin-1-induced commissural axon outgrowth (supplemental Fig. 1 ; available at www.jneurosci.org), supporting the conclusion that A2b does not contribute to the response to netrin-1 in these cells.
PKA activation produces a netrin-1-dependent increase in cell surface DCC via a mechanism that requires exocytosis The increased cell surface DCC detected immunocytochemically could be produced either by a selective increase in the amount of DCC protein on the cell surface, or by clustering DCC protein present more diffusely on the surface before treatment. To differentiate between these two possibilities, cell surface DCC protein was assessed directly by biotinylating cell surface proteins and quantifying the relative amount of DCC on the neuronal surface in different conditions. Dissociated commissural neurons were cultured for 6 d, and the cells were treated for 15 min with SQ22536, KT5720, or TeTx. Netrin-1 (50 ng/ml) was added to the culture media for 15 min, and cultures were then exposed to 10 M FSK for 15 min. Cell surface proteins were then biotinylated, isolated using streptavidin-agarose beads, and examined by Western blot analysis using anti-DCC IN , anti-TAG-1, anti-NCAM and anti-trkB ECD . A single ϳ180 kDa band was detected by anti-DCC IN (Fig. 7) . Analysis of biotinylated proteins indicated that netrin-1 in combination with FSK produced a 10-fold increase in the amount of cell surface DCC compared with control (Fig. 7) . Pretreatment with SQ22536, KT5720, or TeTx before netrin-1 and FSK significantly reduced the level of cell surface DCC, when compared with netrin-1 plus FSK. Inhibition of protein synthesis with CHX did not affect the induced increase in cell surface DCC (data not shown). Under the same conditions, the amount of biotinylated trkB, NCAM, or TAG-1 was not affected by cAMP elevation. Nor did we detect a change in nonbiotinylated DCC protein, consistent with a relatively small amount of the total DCC being on the cell surface (Fig. 7) PKA-dependent exocytosis promotes netrin-1-induced commissural axon outgrowth Netrin-1 evokes commissural axon outgrowth from explants of embryonic dorsal spinal cord cultured in a three-dimensional collagen gel Serafini et al., 1994) . We tested the hypothesis that manipulation of PKA activation would cause DCC protein to be recruited to the surface of commissural axons and promote netrin-1-dependent axon outgrowth. Explants of E13 rat dorsal spinal cord were cultured in the presence of FSK (10 M) alone or FSK (10 M) and netrin-1 (50 ng/ml). At this concentration, netrin-1 alone evoked ϳ30% of maximal commissural axon outgrowth (data not shown). After 16 hr of culture, FSK alone did not enhance axon outgrowth (Fig. 8 B, J ) . In contrast, FSK (10 M) plus netrin-1 (50 ng/ml) (Fig. 8 D, J ) produced a dramatic increase in axon outgrowth compared with explants exposed to netrin-1 alone (Fig. 8C,J ) . In all cases, extending axons express TAG-1, a marker for commissural axons (data not shown) .
To determine whether FSK acts via the adenylate cyclase and PKA, explants of dorsal spinal cord were exposed to different enzyme inhibitors 15 min before the addition of netrin-1, thus 30 min before the addition of FSK, and then cultured for an additional 16 hr. SQ22536 completely blocked the increase in axon outgrowth caused by FSK in the presence of netrin-1 (Fig. 8 E, J ) . KT5720 blocked the effect of FSK, demonstrating that PKA activation is required to produce the netrin-1-dependent increase in axon outgrowth evoked by FSK (Fig. 8 F, J ) . We then examined whether the increase in cell surface DCC requires v-SNAREdependent exocytosis. Importantly, TeTx-induced cleavage of v-SNAREs does not block axon extension because the neuronal v-SNAREs that are required for axon outgrowth are insensitive to TeTx (Osen-Sand et al., 1996; Martinez-Arca et al., 2001) . Treatment with 1.6 nM TeTx (16 hr) (Fig. 8G,J ) reduced axon outgrowth to the level found in the presence of netrin-1 alone, consistent with the increased outgrowth caused by netrin-1 and FSK requiring exocytosis. Notably, the inhibitors used reduced outgrowth to the level evoked by netrin-1 alone, suggesting that outgrowth evoked by netrin-1 alone does not require TeTxsensitive exocytosis.
Increased axon outgrowth evoked by FSK and netrin-1 requires DCC
The results described above suggest that FSK activates PKA, potentiating netrin-1-dependent outgrowth of commissural axons via a mechanism that requires exocytosis. To determine whether the increased axon outgrowth caused by netrin-1 and FSK re- Netrin-1 and FSK increase cell surface DCC. Dissociated commissural neurons were cultured for 6 d in vitro before treatment for 15 min with or without 50 ng/ml netrin-1. FSK (10 M) was then added for 15 min in combination with 1 mM SQ22536, 200 nM KT5720, or 1.6 nM TeTx. Cell surface proteins were biotinylated and isolated. A, Total, nonbiotinylated, and biotinylated proteins were analyzed by Western blot with antibodies directed against either DCC (ϳ180 kDa), TAG-1 (ϳ135 kDa), trkB (ϳ145 kDa), or NCAM (ϳ200 kDa). B, Quantification of the optical density of biotinylated DCC immunoreactivity. Values are the mean Ϯ SEM (n ϭ 4 per condition). *p Ͻ 0.01 versus control; #p Ͻ 0.01 versus 50 ng/ml netrin-1 in combination with 10 M FSK.
quired DCC, dorsal spinal cord explants were exposed to increasing concentrations of the DCC function blocking monoclonal antibody (anti-DCC FB ; from 30 ng/ml to 10 g/ml) 15 min before the addition of netrin-1, thus 30 min before the addition of FSK to the media, and then cultured for 16 hr. Anti-DCC FB has been reported to block netrin-1-dependent commissural axon outgrowth in vitro at a concentration of 10 g/ml (Keino-Masu et al., 1996) . In the presence of FSK and netrin-1, anti-DCC FB blocked axon outgrowth in a concentration-dependent manner (Fig. 8H,I,K) . The same concentrations of nonimmune mouse IgG had no effect (data not shown), indicating that the increased netrin-1-dependent axon outgrowth induced by FSK requires DCC.
PKA modulates DCC-dependent axon extension to the ventral midline of the embryonic spinal cord
Our findings predict that cell surface levels of DCC are coregulated by netrin-1 and PKA. To determine whether this contributes to commissural axon extension to the floor plate in the embryonic spinal cord, we used a semi-intact explant preparation. Segments of E11 rat brachial spinal cords, approximately three somites long, were isolated and embedded in collagen (Fig. 9A,B) , and the length of extending TAG-1-immunoreactive commissural axons were quantified. Commissural axons in control explants, cultured for 40 hr, followed their normal trajectory to the floor plate (Fig. 9A) . Consistent with the results of assaying axon outgrowth into collagen (Fig. 8 ), activating PKA with FSK significantly increased the length of commissural axons extending within explanted spinal cords (Fig. 9A,C,D) . Furthermore, inhibiting PKA with KT5720 significantly reduced axon extension to the floor plate, suggesting that endogenous PKA activity normally facilitates axon growth in the embryonic spinal cord. In contrast, inhibiting PKA with KT5720 does not reduce axon outgrowth into collagen below the level evoked by netrin-1 alone (Fig. 8) , suggesting that the neuroepithelium may contain a PKA agonist that is not present when the axons grow into collagen. Anti-DCC FB (10 g/ ml) significantly reduced axon extension to the floor plate. Furthermore, application of KT5720 or 10 g/ml anti-DCC FB to the explants 15 min before the addition of FSK significantly reduced the FSK-induced increase in axon extension (Fig. 9A,C,D) . These findings indicate that the enhancement of commissural axon extension in the embryonic spinal cord caused by activating PKA requires cell surface DCC.
Discussion
The findings reported here indicate that post-translational recruitment of DCC to the cell surface from an intracellular pool regulates the response of axons to netrin-1. Application of netrin-1 alone produced a modest increase in the amount of DCC on the neuronal surface. Activation of PKA coincident with theaddition of netrin-1 potentiated the insertion of DCC into the plasma membrane and increased axon outgrowth. Blocking DCC function significantly reduced the effect of PKA activation in each assay used. Furthermore, inhibiting PKA in explanted intact embryonic spinal cord assays reduced axon extension (Fig. 9) , providing evidence that the embryonic spinal neuroepithelium may contain an endogenous PKA agonist. These results identify a novel modulatory role for PKA in the growth cone, regulating the presentation of DCC and thereby enhancing the extension of commissural axons in response to netrin-1.
Netrin-1 does not activate PKA in commissural neurons nor is PKA activation required for commissural axon outgrowth evoked by netrin-1 Previous studies performed using either Xenopus retinal neurons or spinal neurons grown in dispersed cell culture indicate that the intracellular level of cAMP plays a key role in determining whether a growth cone responds to netrin-1 as an attractant or a repellent Hopker et al., 1999; Nishiyama et al., 2003) . Low levels of intracellular cAMP correlate with a repellent response, whereas high levels of cAMP, and presumably activation of PKA, correlate with an attractant response. Netrin-1 itself has been reported to increase the concentration of intracellular cAMP in Xenopus retinal ganglion cell growth cones in vitro (Hopker et al., 1999) . cAMP immunofluorescence in retinal ganglion cell growth cones supports this conclusion, but additional biochemical data were not provided. On the basis of these studies, models of netrin-1 signal transduction place activation of PKA directly downstream of DCC Nishiyama et al., 2003) .
In contrast, our findings provide direct evidence that netrin-1 does not elevate intracellular cAMP or activate PKA in embryonic rat spinal commissural neurons. Furthermore, they indicate that activating PKA is not required for netrin-1-evoked axon outgrowth. This conclusion is based on the finding that application of netrin-1, while inhibiting adenylate cyclase (SQ22536) (Fig. 8) or PKA (KT5720) (Fig. 8) , did not reduce axon outgrowth below the level produced by netrin-1 alone. The finding that PKA inhibition does not affect netrin-1-evoked commissural axon outgrowth (Fig. 8 ) also appears to be at odds with Ming et al. (1997) and Nishiyama et al. (2003) , who reported that reduced levels of cAMP in cultured Xenopus spinal neurons causes growth cones to be repelled by netrin-1. Additional analysis will be required to determine whether these differences are attributable to the species, cell types, or methodologies used. However, based on our findings, we conclude that current models do not provide a widely generalizable description of the neuronal response to netrin-1.
We conclude that a major effect of activating PKA on netrin-1-induced commissural axon outgrowth is to potentiate translocation of DCC to the plasma membrane. We do not rule out a role for PKA exerting other effects on axon extension; however, our conclusion is supported by the finding that blocking DCC function dramatically reduced both the FSK-induced enhancement of netrin-1-dependent axon outgrowth into collagen (Fig. 8) and the FSK-induced enhancement of axon extension toward the floor plate in the explanted embryonic spinal cord (Fig. 9) . These results indicate that a major component of the effect of FSK on netrin-1-evoked axon outgrowth requires DCC.
Interestingly, different mechanisms may underlie the increase in cell surface DCC caused by netrin-1 alone and the recruitment of DCC triggered by netrin-1 and activation of PKA. Notably, the increase induced by netrin-1 alone was not blocked by inhibiting PKA or blocking TeTx-sensitive exocytosis. In contrast, the increase in cell surface DCC triggered by netrin-1 and PKA activation was blocked by TeTx. Similarly, application of TeTx or inhibiting PKA did not affect commissural axon outgrowth in response to netrin-1 but reduced the PKA-induced increase in axon outgrowth to the level produced by netrin-1 alone (Fig. 8) . These findings suggest that a TeTx-sensitive v-SNARE protein is required for PKA-dependent translocation of DCC but is not required for the increase in cell surface DCC caused by netrin-1 alone.
Specificity of DCC translocation
There are multiple examples of the elevation of intracellular cAMP causing the translocation of proteins from an intracellular vesicular store to the plasma membrane. These include transporters (Yao et al., 1996) , ion pumps (Schwartz and Al Awqati, 1986) , ion channels (Barres et al., 1989) , and trophic factor receptors (Meyer-Franke et al., 1998) . Here, both immunoflorescent and surface biotinylation analyses indicate a surprising level of specificity in the PKA-dependent increase in DCC at the cell surface. We hypothesize two mechanisms that may account for this specificity. First, commissural neurons may contain vesicles that specifically traffic DCC to the cell surface. A second, but not necessarily mutually exclusive, mechanism is suggested by the finding that increased cell surface DCC requires the presence of netrin-1. Activation of PKA alone produced no detectable increase in plasma membrane DCC (Figs. 4, 6 ), whereas PKA activation plus netrin-1 increased the amount of cell surface DCC and increased axon outgrowth. This suggests that netrin-1 is required to hold DCC at the plasma membrane. In this case, the vesicle bringing DCC to the cell surface may or may not exhibit specificity for DCC, but the presence of netrin-1 selects DCC and stabilizes it on the cell surface. Similarly, the PKA-independent increase in cell surface DCC produced by netrin-1 alone may be attributable to netrin-1-dependent stabilization of DCC on the cell surface and not netrin-1-induced DCC translocation.
Interestingly, this selection and cell surface capture model predicts that DCC would accumulate at the cell surface in regions of the cell in contact with extracellular netrin-1, a prediction that we are currently testing. We have previously reported that netrin-1 and DCC direct the organization of F-actin, causing Rac1-and Cdc42-dependent cell spreading and filopodia formation (Shekarabi and Kennedy, 2002) . Together, these findings suggest that DCC will accumulate at the cell surface in regions corresponding to high concentrations of extracellular netrin-1, locally triggering filopodia formation and the extension of a leading edge, thereby directing axon outgrowth. Interestingly, local redistribution of receptors for guidance cues to the leading edge has been observed in directionally migrating lymphocytes and Dictyostelium (for review, see Manes et al., 2003) , suggesting that this may be a general mechanism used by directionally migrating cells.
Recruitment of receptors to the cell surface: a posttranslational mechanism regulating axon extension
Our findings support a model in which a post-translational mechanism plays a key role regulating the presentation of DCC. DCC is a member of a large family of type I transmembrane proteins containing IgG repeats and fibronectin type III repeats that includes Roundabout (Robo) and L1 (for review, see Brummendorf and Lemmon, 2001) . Selective trafficking of such adhesion molecule-like receptors may be a widespread mechanism regulating the response of growth cones to extracellular cues that influence motility. For example, endoexocytic recycling regulates the distribution of L1 in growth cones (Kamiguchi and Lemmon, 2000) . Furthermore, presentation of Robo on the cell surface determines whether an axon will cross the ventral midline of the embryonic CNS (Keleman et al., 2002) .
Increasing the amount of UNC5 homolog expressed by cultured embryonic Xenopus spinal neurons causes axons that would normally be attracted to netrin-1 to be repelled (Hong et al., 1999) . This study and genetic manipulation of UNC5 expression (Hamelin et al., 1993; Keleman and Dickson, 2001) indicate that changing the complement of netrin receptors expressed by a neuron can alter its response to netrin. Recently, Williams et al. (2003) provided evidence that PKC activation triggers the internalization of ectopically expressed UNC5H1 from neuronal growth cones and that this reduces the probability that growth cones will collapse in response to netrin-1. The mechanism underlying the ability of a neuron to switch its response to netrin-1 from attraction to repulsion remains unclear. We have not ruled out that PKA-regulated alterations in intracellular signal transduction may contribute to this; however, a straight-forward alternative is that growth cones change their response to netrin-1 based on the selective presentation of different classes of netrin receptors on the plasma membrane.
The role identified for PKA regulating cell surface presentation of receptors for axon guidance cues may extend beyond embryonic neural development. A decrease in the steady-state level of cAMP inside a neuron during maturation contributes to a decrease in the capacity of axons to regenerate in the adult mammalian CNS (Cai et al., 2001) . Furthermore, PKA activation promotes regeneration of sensory axons in the CNS (Neumann et al., 2002; Qiu et al., 2002) . The mechanisms underlying this change in neuronal response are not known, but the findings presented here raise the possibility that modulation of PKA activity may influence the ability of an axon to regenerate by regulating the complement of receptors presented by the growth cone.
